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A STUDY OF F L U I D  DYNAMICS OF GASEOUS NUCLEAR ROCKETS 

A comprehensive review of t h e  s t a t e  of  knowledge of vo r t ex  flows and how 
such f l o w s  may o r  may n o t  be  used f o r  f l u i d  dynamic containment of a gaseous 
nuc lea r  f u e l  has been i n i t i a t e d .  The first s t e p  has  been t h e  compilat ion of 
t h e  a t t a c h e d  b ib l iog raphy  of ar t ic les  concerned wi th  confined vo r t ex  f lows.  
This  l i s t  inc ludes  t h e  r e s u l t s  of research  sponsored by NASA, USAF, and p r i v a t e  
companies on va r ious  proposed concepts  of f l u i d  dynamic containment which 
invo lve  vo r t ex  f low i n  one form o r  another .  It a l s o  inc ludes  art icles motivated 
by a wide v a r i e t y  of o t h e r  problems which involve  vo r t ex  flows bounded i n  some 
way by e i t h e r  a s o l i d  boundary o r  a closed s t r eaml ine .  A cont inuing sea rch  of 
t h e  l i t e r a t u r e  is being made f o r  o t h e r  p e r t i n e n t  r e fe rences .  
knows of a n  a r t ic le  t h a t  has  been overlooked t h i s  in format ion  would be apprec i a t ed .  
The next  s t e p  of t h e  s tudy  involves  a s s i m i l a t i o n  of t h e  u s e f u l  in format ion  from 
t h e s e  art icles.  
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I f  t h e  r eade r  

A gradua te  s t u d e n t ,  W i l l i a m  H. Newton, i s  working wi th  experimental  d a t a  
a v a i l a b l e  i n  t h e  r e f e r e n c e s  t o  o b t a i n  some e m p i r i c a l  c o r r e l a t i o n s  of va r ious  
v o r t e x  parameters .  Seve ra l  d i f f e r e n t  approaches are being used i n  t h i s  a t tempt .  
One approach i s  s i m i l a r  t o  t h a t  introduced by Keyes(1960). It involves  de t e r -  
mining t h e  t u r b u l e n t  eddy v i s c o s i t y  t h a t  i s  needed t o  make experimental ly  
obta ined  v e l o c i t y  p r o f i l e s  approximately a g r e e  w i t h  p r e d i c t i o n s  based on laminar 
f low theory .  
by Rosenzweig, Lewellen and Ross (1964) which i s  q u i t e  similar t o  t h a t  of 
Anderson (1961). Another more s t ra ight-forward approach i s  t o  c o r r e l a t e  t h e  
v e l o c i t y  r a t i o  between the v o r t e x  per iphery and c e n t e r  exhaust wi th  v a r i a t i o n s  
i n  t h e  exper imenta l ly  p re sc r ibed  parameters.  No conclus ions  have y e t  been 
reached from t h i s  i n v e s t i g a t i o n ,  bu t  a l a r g e  amount of d a t a  has been r e t r i e v e d  
from t h e  l i t e r a t u r e  t o  b e  used i n  determining t h e  most appropr i a t e  c o r r e l a t i o n s .  

The laminar  f low theory  chosen f o r  u se  i n  t h i s  comparison i s  t h a t  

GPO PRICE s 
CSFTl PRICE(S) $ 

ff 653 July 65 

J u l y  15, 1968 

W. S. Lewellen 
P r o j e c t  Supervisor  

J 1 



BIBLIOGRAPHY 

Anderson, 0. L.  (1961), Theore t ica l  s o l u t i o n s  f o r  t h e  secondary flow 
on t h e  end w a l l  of a v o r t e x  tube,  UARL Report R-2494-1 (November). 

Anderson, 0. L.  (1963), Theore t ica l  e f f e c t  of Mach number and temperature  
g rad ien t  on primary and secondary flow i n  a j e t - d r i v e n  vo r t ex ,  A i r  
Force Systems Command Report RTD-TDR-63-1095 (November). 

Anderson, 0. L.  (1966), Numerical s o l u t i o n s  of t h e  compressible  boundary 
l a y e r  equat ions  f o r  axisymmetric f lows,  UARL Report E110266-1 (October).  

Barber ,  Edde (1960), Vortex tubes ,  Je t  Propuls ion  Laboratory,  Vortex 
L i t e r a t u r e  Search No. 56 (October). 

B e l l ,  A. C.  (1965), Optimizat ion of a vo r t ex  valve, S.M. Thes is ,  Dept. of 
Mechanical Engineer ing,  M.I.T. (December). 

Benjamin, T.  Brooke, and Barnard,  B. J .  S. (1964), A s tudy  of t h e  motion 
of a c a v i t y  i n  a r o t a t i n g  l i q u i d ,  J. F lu id  Mech. 19,  P a r t  2 (June) .  

Binnie ,  A. M. and Harris, D. P .  (1950), The a p p l i c a t i o n  of boundary-layer 
theory t o  s w i r l i n g  l i q u i d  flow through a nozz le ,  Quar t .  J .  Mech. and 
Applied Math. 111, P a r t  1. 

Burgers ,  J.  M. (1956), The e f f e c t  of s t r e t c h i n g  of a vo r t ex  core ,  Univ. of 
Maryland, Tech. Note BN-80 (August). 

Chanaud, Robert C.  (1965), Observations of o s c i l l a t o r y  motion i n  c e r t a i n  
s w i r l i n g  f lows,  J. F lu id  Mech. 21, P a r t  1, 111-127. P r i n t e d  i n  
Great B r i t a i n .  

Chang, C. C . ,  Chi, S. W. and Chen, C.  M. (1967), Gas-core nuc lea r  rocke t  
€fluid mechanics experiments a t  Ca tho l i c  Un ive r s i ty ,  AIAA Paper No. 
67-502 ( Ju ly ) .  

Chang, T. S. (1965), Hydromagnetic s t a b i l i z a t i o n  of nond i s s ipa t ive  vo r t ex  
‘flow, Developments i n  Theore t i ca l  and Applied Mechanics 
P r e s s  , 261-276. 

11, Pergamon 

Chang, T. S. (1965), Exact 6 r i t e r i o n  of hydromagnetic s t a b i l i t y  of i n v i s c i d  
vo r t ex  flow wi th  f i n i t e  conduct iv i ty ,  AIAA J. 3, 2050 (November). 

Chang, T .  S. and Sa r to ry ,  W. K. (1965), Hydromagnetic s t a b i l i t y  of d i s s i p a -  
t i v e  v o r t e x  flow, The Physics of F lu ids  8 ,  235-241 (February) .  

Chang, T. S. and Sa r to ry ,  W. K. (1965), Hydromagnetic s t a b i l i t y  of d i s s i p a t i v e  
f low between r o t a t i n g  permeable cy l i r ,dcrs ,  J .  F I d d  Me&. 2 ? ,  65-79. 

)I 

1. 



Clark,  J. W., Johnson, B. U . ,  Kendall ,  J. S . ,  Mensing, A. E . ,  and Travers ,  
A. (1967), Summary of gaseous nuc lea r  rocke t  f l u i d  mechanics r e s e a r c h  
at United A i r c r a f t ,  AIAA Paper No. 67-500. 

C o l l i n s ,  J. C. and Stubbs,  T. F. (1964), Q u a l i t a t i v e  experimental  i n v e s t i -  
g a t i o n s  on va r ious  vo r t ex  tube conf igu ra t ions ,  Univers i ty  of C a l i f o r n i a ,  
Lawrence Radia t ion  Laboratory,  UCRL 12045. 

Cooper, Ralph S. ,  Ed i to r  (1965), Proceedings of an  Advanced Nuclear Pro- 
p u l s i o n  Symposium, Los Alamos S c i e n t i f i c  Laboratory,  LA-3229-MS 
(January) . 

Cooper, Ralph S. (1965), Advanced nuc lea r  propuls ion  concepts ,  AIAA Paper 
No. 65-531, AIAA Second Annual Meeting, San Francisco,  C a l i f o r n i a  
(July) 

Deissler, Robert G. (1965), Unsteady v iscous  vo r t ex  wi th  flow toward t h e  
i renter ,  NASA TN D-3026 (September). 

Donaldson, Coleman DuP. (1956), Solu t ions  of t h e  Navier-Stokes equat ions  
f o r  two and three-dimensional v o r t i c e s ,  Ph.D. D i s s e r t a t i o n ,  Pr ince ton  
Un ive r s i ty  (December). 

Donaldson, Coleman DuP. and Snedeker, R. S. (1962), Experimental  i nves t iga -  
t i o n  of t h e  s t r u c t u r e  of  v o r t i c e s  i n  s i m p l e  c y l i n d r i c a l  vo r t ex  
chambers, ARAP Report 47. 

Donaldson, Coleman DuP. and Su l l ivan ,  Roger D. (1960), Examination of t h e  
s o l u t i o n s  of  t h e  Navier-Stokes equat ions  f o r  a class of three-dimensional 
v o r t i c e s ,  Aeronaut ica l  R e s .  Assoc ia tes  of Pr ince ton ,  Inc . ,  AFOSR TN 
60-1227 (October).  

Donaldson, Coleman DuP. and Williamson, G.  G. (1964),  An experimental  s tudy  
of  t u rbu lence  im a d r iven  vor tex ,  ARAP Tech. Memo 64-2. 

Easton,  C. R. and Johnson, K. P. (1963), F lu id  mechanical s t u d i e s  of f u e l  
containment i n  a gaseous core r e a c t o r ,  Douglas Aircraft  Co. Report 
SM-44886 (November). 

E i n s t e i n ,  H. A lbe r t  and Huon L i  (1958), Steady vo r t ex  flow i n  a rea l  f l u i d ,  
Proceedings of the 1958 Heat Trans fe r  and F lu id  Mechanics I n s t i t u t e .  

Eisler, T. J. (1966),  Taylor  i n s t a b i l i t y  i n  a s t r a t i f i e d  flow, NASA CR-569 
(October) .  

E w a r d ,  J. C. (1965),  Wheel-flow gaseous-core r e a c t o r  concept ,  NASA TN 
D-2951 (November). 

Fax, David H . ,  Daskin, Walter, et  a l .  (1953),  Hydrodynamic a n a l y s i s  of f low 
through s p h e r i c a l  vessels, The Johns Hopkins Un ive r s i ty ,  Bal t imore,  
Maryland (June)  . 

2. 



. .  

Fletcher, E. C., Gyarmathy, G. and Hasinger, S. (1966), Separation of sub- 
micron condensate particles in a vortex chamber, Aerospace Research 
Laboratories Report 66-0218 (November). 

Foley, W. M. (1965), Comparison of simulated and required flow character- 
istics for vortex-stabilized gaseous nuclear rocket engine, UARL 
Report UAR-D46A (May). 

Gartshore, I. S. (1962), Recent work in swirling incompressible flow, 
National Aeronautical Establishment, AR-LR-343, Ottawa (June). 

Gebben, U. D. (1967), Vortex valve performance power index, Advances in 
Fluidics, A.S.M.E. 

Gol'dshtik, M.A. (1960), A paradoxical solution of the Navier-Stokes 
equations, PMN 24, No. 4, 610-621. 

Gol'dshtik, M.A., Leontov, A. K . , .  and Paleev, I. I. (1960), Aerodynamics 
of a vortex chamber, Leningrad Polytechnic Institute. 

Greenspan, H. P. (1965), On the general theory of contained rotating fluid 
motions, J. Fluid Mech. 22, Part 3, 449-462. 

Grey, J. (1959), A gaseous-core nuclear rocket utilizing hydrodynamic con- 
tainment of fissionable material, ARS Paper No. 848-59 (June). 

Gross, R. A. and Kessey, K. 0. (1964), Magnetohydrodynamic species separa- 
tion in a gaseous nuclear rocket, AIAA J. 2, 295 (February). 

Gyarmathy, G. (1967), Optical measurements of radial density distribution 
in a high-speed confined air vortex, ARL 67-0234 (December). 

Gyarmathy, G. (1968) , Optical measurements in a high-speed confined gaseous 
vortex, A I M  Paper No. 68-694. 

Hall, M. G. (1966), The structure of concentrated vortex cores, Progress in 
Aeronautical Sciences 7, Pergamon Press, 

Hartnett, J. P. and Eckert, E. R. G. (1957), Experimental study of the velo- 
city and temperature distribution in a high-velocity vortex-type flow, 
Transactions of the A.S.M.E. (May). 

Harvey, J. K. (1962), Some observations of the vortex breakdown phenomenon, 
J. Fluid Mech. 14, 585. 

Hester, J. A. (1966), The effects of L/D and mass flow rate on the strength 
of a confined vortex, S.M. Thesis, M.I.T. Dept. of Aeronautics and 
Astronautics (June). 

Johnson, B. U. (1965), Analytical study of propellant flow requirements for 
reducing heat transfer to the end walls of vortex-stabilized gaseous 
nuclear rocket engines, UARL Report D-910091-6 (September). 

3.  



. .  
. .  

Johnson, B. U. (1967), Exploratory flow and containment experiments in a 
directed-wall jet vortex tube with radial outflow and moderate super- 
imposed axial flows, UARL Report F-910091-11 (May). NASA Report 
CR-992 (February 1968). 

Johnson, B. U. (1965), Analysis of secondary-flow control methods for con- 
fined vortex flows, NASA Report CR-276. 

Johnson, B. U. and Travers, A. (1965), Application of flow control to a 
confined vortex, UARL Report UAR-D 50 (March). 

Johnson, B. U. and Travers, A. (1965), Analytical and experimental investi- 
gation of flow control in a vortex tube by end-wall suction and in- 
jection, UARL Report D-910091-8 (September). 

Johnson, B. U., Travers, A. and Hale, R. W. (1963), Measurements of flow 
patterns in a jet-driven vortex, Air Force Systems Command Report 
RTD-TDR-63-1094 (November). . 

Johnson, Kurt P. (1966), A plasma core nuclear rocket utilizing a magneto- 
hydrodynamically-driven vortex, AIAA J. 4, 635 (April). 

Kao, T. W. (1966), Concentration profile establishment of binary gas mix- 
ture in swirl and dust flows, NASA Report CR-399 (March). The Physics 
of Fluids 9, 1216 (1966). 

Kao, T. W. (1967), Baro-diffusion effect on diffusion time, The Physics of 
Fluids 10, 1814 (August). 

Kelsall, D. G. (1952), A study of the motion of solid particles in a hy- 
draulic cyclone, Trans. Instn. Chem. Engrs. 30, 87-108. 

Kendall, James M., Jr. (1962), Experimental study of a compressible viscous 
vortex, J.P.L. Tech. Report No. 32-290 (June). 

Kendall, J. S. and Mensing, A. E. (1966), Experimental investigation of the 
effect of heavy-to-light-gas density ratio on vortex containment 
characteristics, UARL Report UAR-E54 (April). 

Kendall, J. S., Mensing,.A. E. and Johnson, B. U. (1967), Containment ex- 
periments in vortex tubes with radial outflow and large superimposed 
axial flows, UARL Report F-910091-12 (May). 

Kerrebrock, J. L. and Meghreblian, R. U. (1961), Vortex containment for 
the gaseous fission rocket, J. of the Aerospace Sci. 28, 710-724. 

Keyes, J. J., Jr. (1960), An experimental study of gas dynamics in high 
velocity vortex flow, Proc. of the 1960 Heat Transfer and Fluid 
Dynamics Institute, Stanford University Press. 

Keyes, J. J., Jr. (1961), An experimental study of flow and separation in 
vortex tubes with application to gaseous fission heating, ARS J. 31, 

. 1204. 

4 .  



Keyes, J. J . ,  Jr . ,Chang, T.  S . ,  and Sa r to ry ,  W. K. (1967), Hydromagnetic 
s t a b i l i z a t i o n  of j e t - d r i v e n  vortex flow, Oak Ridge Nat iona l  Laboratory 
Report TM-1896 (October).  

Keyes, J. J . ,  Jr. and D i a l ,  R. E. (1960),  An experimental  s tudy  of vo r t ex  
flow f o r  a p p l i c a t i o n  t o  gasrphase f i s s i o n  hea t ing ,  Oak Ridge Nat iona l  
Laboratory Report 2837. 

Kidd, G. J. ,  Jr. (1966), Confined vo r t ex  flow near  a s t a t i o n a r y  d i s k ;  theory  
and experiment,  Oak Ridge Nat ional  Laboratory,  O m - T M  1387 (Apr i l ) .  

Kidd, G. J . ,  Jr. and Farr is ,  G. J. (1968), P o t e n t i a l  vo r t ex  f low ad jacen t  
t o  a s t a t i o n a r y  s u r f a c e ,  ASME Paper No. 68-APM-15 (June) .  

King, W. S.  (1963), Momentum-integral s o l u t i o n s  f o r  t h e  laminar  boundary 
l a y e r  on a f i n i t e  d i s k  i n  a r o t a t i n g  flow, Aerospace Corp. Report No. 
ATM-63(9227)-3 (June).  ASME Paper No. 64-FE-14 (1963). 

King, W. S. (1967), A t h e o r e t i c a l  i n v e s t i g a t i o n  of s w i r l i n g  f lows through 
a nozz le ,  Ph.D. Thes i s ,  U.C.L.A. 

King, W. S. and Lewellen, W. S .  (1963), Boundary-layer s i m i l a r i t y  s o l u t i o n s  
f o r  r o t a t i n g  f lows wi th  and without magnetic i n t e r a c t i o n ,  Aerospace 
Corp., ATN-63(9227)-6 ( Ju ly ) .  Physics  of F l u i d s  7 ,  1674 (October 1964). 

Kinney, R. B. (1966),  Theore t i ca l  e f f e c t  of seed opac i ty  and turbulence  
on temperature  d i s t r i b u t i o n s  i n  t h e  p r o p e l l a n t  reg ion  of a vortex-  
s t a b i l i z e d  gaseous nuc lea r  rocke t ,  UARL Report E-910092-8 (September). 
NASA Report CR-694 

Ki rkpa t r i ck ,  D. L.  I. (1964), Experimental i n v e s t i g a t i o n  of t h e  breakdown 
of a v o r t e x  i n  a tube ,  Great B r i t a i n  Royal A i r c r a f t  Estb.  AD 449 461 
TN AERO 2963 (May). 

Knapp, D. E. (1965), Lec tu re  notes  on advanced f l u i d  c o r e  nuc lea r  propuls ion  
concepts ,  Douglas Missile & Space Systems Div i s ion ,  Douglas Paper No. 
3169 (March). 

Krueger,  E. R. and D i  Prima, R. C. (1964), The s t a b i l i t y  of a v i scous  f l u i d  
between r o t a t i n g  c y l i n d e r s  with an  a x i a l  f low, J. of F lu id  Mech. 19 ,  
528. 

Kuchemann, D. (1965),  Report  on the I.U.T.A.M. Symposium on Concentrated 
Vortex Motions i n  F lu ids ,  J .  F l u i d  Mech. 21, P a r t  1, 1-20. 

Kurzweg, U. H. (1967), Criteria f o r  t h e  s t a b i l i t y  of  heterogeneous s w i r l i n g  
f lows,  UARL Report UAR-F96 (May). 

4 
1 

a p p l i c a t i o n  i n  f l u i d  ampl i f i e r  technology, McGill Univers i ty  (Montreal) ; 
Kwok, C.  C.  K. (1966), Vortex flow i n  a t h i n  c y l i n d r i c a l  chamber and i t s  

Department of Mech. Eng. Report 66-8. :j \ 1: 

5 .  



.. . .  
. I  

Lance, G. N. and Rogers, M. H. (1962), The a x i a l l y  symmetric flow of 
v i scous  f l u i d  between t w o  i n f i n i t e  r o t a t i n g  d i s k s ,  Proc.  Royal 
Soc ie ty ,  Sec. A,  3, 109-121. 

Lavan, Z.  (1965), Luminescence i n  supersonic  s w i r l i n g  f lows ,  I l l i n o i s  
I n s t i t u t e  of Technology, J .  Flu id  Mech. 23 ,  P a r t  1, 173-183. 

a 

Lay, J. E. (1959), An experimental  and a n a l y t i c a l  s tudy  of vortex-flow 
tempera ture  s e p a r a t i o n  by supe rpos i t i on  of s p i r a l  and a x i a l  f lows,  
P a r t  I, Transac t ions  of the ASME (August). 

Lay, J. E. (1959), Ibid,  P a r t  2. J .  of Heat Transfer ,  213-221 (August). 

Leibovich,  S. (1968), Axially-symmetric eddies  embedded i n  a r o t a t i o n a l  
stream, J. F l u i d  Mech. 32, 529. 

Lewellen,  W. S. (1960), Magnetohydrodynamically d r iven  v o r t i c e s ,  Pro- 
ceedings  of t h e  Heat Transfer  and F l u i d  Mechanics I n s t i t u t e ,  Stanford 
Un ive r s i ty  P r e s s ,  1-15. 

Lewellen,  W. S. (1962), A s o l u t i o n  f o r  three-dimensional v o r t e x  f lows wi th  
s t r o n g  c i r c u l a t i o n ,  J. of Fluid Mech. 14, 420 (November). 

Lewellen,  W. S. (1965), Linear ized v o r t e x  f lows,  AIAA J. 3,  91 (January) .  

Lewellen,  W. S. (1964), Three-dimensional v i scous  v o r t i c e s  i n  incompressible  
f low,  Ph.D. Thes i s ,  U.C.L.A. 

Lewellen,  W. S., Burns, W. J. and S t r i c k l a n d ,  H. J. (1968), Transonic  
s w i r l i n g  f low,  AIAA Paper No. 68-693 (June) .  

Lewellen,  W. S. and King, W. S. (1965), The boundary l a y e r  of a conducting 
v o r t e x  f low over  a d i s k  wi th  an  a x i a l  magnetic f i e l d ,  Developments i n  
Mechanics (Proceedings of the Eighth Midwestern Mechanics Conference 
h e l d  A p r i l  1963 i n  Cleveland, Ohio) Pergamon P r e s s ,  108-127. 

Lewellen,  W. S., Ross, D. H. and Rosenzweig, M. L.  (1966), Binary d i f f u s i o n  
in a conf ined  vo r t ex ,  AIAA J. 4 ,  396-405 (March). 

Long, Robert  R. (1956), Sources and s i n k s  a t  t h e  a x i s  of a r o t a t i n g  l i q u i d ,  
Quar t .  J. o f  Mechanics and Applied Math. I X ,  P a r t  4 (December). 

Long, Robert  R. (1953), Steady motion around a symmetrical o b s t a c l e  moving - 
a long  t h e  axis of a r o t a t i n g  l i q u i d ,  J. of Meteorolopy, 10, No. 3, 
197-203 (June) .  

Long, Robert  R. (1952), The flow of a l i q u i d  p a s t  a b a r r i e r  i n  a r o t a t i n g  
s p h e r i c a l  s h e l l ,  J .  of Meteorology 9 ,  No. 3, 187-199 (June) .  

Long, Robert  R. (1961),  A v o r t e x  i n  a n  i n f i n i t e  v i scous  f l u i d ,  The Johns 
Hopkins Univ., Dept. o f  Mech., 11 (December). 

6. 



r .  

Ludwieg, H. (1960), Stability of flow in an annular space, Zeitschrift for 
Flugwissenschaften 8, 135-140. 

Ludwieg, H. (1961), Extension of the work on the stability of flow in an 
annular space, Zeitschrift fur Flugwissenschaften 9, 359-361. 

Lugt, Hans J., and Schwiderski, Ernst W. (1965), On the birth and decay of 
vortices, U.S. Naval Weapons Laboratory, Dahlgren, Virginia, NWL Report 
No. 1972 (April). 

Mack, Leslie M. (1960), The Compressible viscous heat-conducting vortex, 
L J. Fluid Mech. 8, 284. 

Mack, Leslie M. (1962), Laminar boundary layer on a disk of finite radius 
in a rotating flow, Part I, JPL Report TR-32-224. 

Mager, Artur (1960), Approximate 'solution of isentropic swirling flow 
through a nozzle, ARS 1517-60 (December). 

Marxman, G. A. and Kerrebrock, J. L. (1960), Heat transfer in a two- 
dimensional vortex flow of a dissociating gas, STL TR 60-0000-09061 
(February). 

Mayer, E. A. (1967), "Large-signal vortex valve analysis", Advances in 
Fluidics, ASME. 

McFarlin, D. J. (1965), Experimental investigation of the effect of peri- 
pheral wall injection technique on turbulence in an air vortex tube, UARL 
Report D-910091-5 (September). NASA Report CR-68867. 

McLafferty, G. H. (1963), Summary of investigations of a vortex-stabilized 
gaseous nuclear rocket concept, Air Force Systems Command Report RTD-TDR- 
63-1097 (November). 

McLafferty, G. H. (1965), Analytical study of the performance character- 
istics of vortex-stabilized gaseous nuclear rocket engines, UARL D-910093- 
20 (September). 

McLafferty, G. H. (1967), Survey of advanced concepts in nuclear propulsion, 
AIM Paper No. 67-783 (October). 

McLafferty, G. H. and Anderson, G. E. (1963), Analytical investigation of 
diffusive l o s s  rates of  gaseous iodine from a helium vortex, Air Force 
Systems Command Report RTD-TDR-63-1095 (November). 

McLafferty, G. H., Bauer, H. E. and Sheldon, D. E. (1966), Preliminary 
conceptual design study of a specific vortex-stabilized gaseous nuclear 
rocket engine, UARL Report E-910093-29 (September). 

. .  

Mensing, A. E. and Kendall, J. S. (1964), Experimental investigation of 
containment of a heavy gas in a jet-driven light-gas vortex, UARL Report 
C-910091-3 (September). 

7 .  



Mensing, A. E. and Kendal l ,  J.  S .  (1965), Experimental  i n v e s t i g a t i o n  of t h e  
containment of a heavy gas  i n  a l igh t -gas  vo r t ex ,  UARL Report UAR-D45 (March). 

Mensing, A. E. and Kendall ,  J.  S. (1965), Experimental  i n v e s t i g a t i o n  of t h e  
e f f e c t  of heavy-to-light-gas dens i ty  r a t i o  on two-component vo r t ex  tube  
containment c h a r a c t e r i s t i c s ,  UARL Report D-910091-9 (September). 

Mensing, A. E. and Keildall,  J.  S. (1963), Experimental  i n v e s t i g a t i o n  of 
containment of gaseous i o d i n e  i n  a j e t - d r i v e n  vo r t ex ,  A i r  Force Systems 
Command Report RTD-TDR-63-1093, prepared by UARL (November). 

Nakamura, T. (1966), Experimental  s tudy  of a confined vo r t ex  flow, S.M. 
Thes is ,  Dept. of Aeronaut ics  and Ast ronaut ics ,  M.I.T. (January) .  

Nanda, R. S. (1961),  Revolving flow of an  incompressible  f l u i d  p a s t  a 
porous f l a t  p l a t e ,  Kharagpur 5, 1 ( January) .  

Ohrenberger, J.  T. (1967), Boundary l a y e r s  i n  r o t a t i n g  flow wi th  h e a t  
t r a n s f e r ,  Ph.D. Thes is ,  U.C.L.A. 

Os t rach ,  Simon and Loper, David E. (1966),  An a n a l y s i s  of confined v o r t e x  
f lows ,  AIAA Paper No. 66-88. 

Owen, F. S. ,  Hale, R. W . ,  Johnson, B. U. and Travers ,  A. (1961),  Experi- 
menta l  i n v e s t i g a t i o n  of c h a r a c t e r i s t i c s  of confined j e t -d r iven  v o r t e x  f lows ,  
UARL Report R-2494-2 (November). 

Owen, F. S. and Mensing, A. E. (1961), Heat t r a n s f e r  t o  confined vo r t ex  f low 
by means of a r a d i o  frequency gas  d i scha rge ,  UARL R-2494-3 (November). 

Pearson, Carl E. (1965),  Numerical s o l u t i o n s  f o r  t h e  time-dependent v i scous  
f low between two r o t a t i n g  coax ia l  d i s k s ,  Sperry Rand Research Center ,  
J. F l u i d  Mech. 21, P a r t  4 ,  623-633. 

Pengel ley ,  C.  Desmond (1957), Flow i n  a v i scous  
Phys ics  28, 1 (January) .  

vor tex ,  J. of A m l i e d  

Pincliak, Al f red  C. and Poplawski, Robert (1965) On t h e  a t ta inment  of ex- 
t remely h igh  r o t a t i o n a l  v e l o c i t i e s  i n  a confined v o r t e x  flow, A I M  Paper 
NO. 65-400 ( J u l y ) .  

P i v i r o t t o ,  T. J. (1966), Mass-retention measurements i n  a b inary  compressible  
v o r t e x  flow, JPL Report No. 32-864 (June) .  

P i v i r o t t o ,  T. J. (1967), Radia l  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  i n  confined 
compressible  v o r t e x  flow f i e l d s ,  JPL Report No. 32-1076. 

Poplawski,  R. and Pifichak, A. C. (1965), Aerodynamic performance of reversed  i f low vor t ex  chambers, Aerospace Research Labora to r i e s  Report Am-65-219, 
Wright-Pat terson A i r  Force Base (October). 

I 

i 
8 .  



b 

. 

Prager ,  Stephen (1964), S p i r a l  flow i n  a s t a t i o n a r y  porous p ipe ,  The Phvsic- 
of F l u i d s  7 ,  6 (June).  

Ragsdale,  Robert  G. (1961), A mixing l e n g t h  c o r r e l a t i o n  of t u rbu len t  v o r t e x  
d a t a ,  ASME Paper No. 61-WA-244 (August). 

Ragsdale, Robert  G. (1960), NASA Research on t h e  hydrodynamics of t h e  gaseous 
v o r t e x  r e a c t o r ,  NASA TN D-288. 

Ragsdale,  Robert  G. (1963), Outlook f o r  gas-core nuc lea r  rocke t s ,  Astro- 
n a u t i c s  and Aerospace Engineering 1, 88 (August) .  

Reynolds, Alan J .  (1961), Energy flows i n  a v o r t e x  tube ,  ZAMP, X I I .  

Reynolds, Alan J. (1961), On t h e  dynamics of t u r b u l e n t  v o r t i c a l  f low, 
ZAMP, X I I .  -- 

Ri ley ,  N.  (1962), Radia l  jets wi th  s w i r l ,  P a r t  I. Incompressible  flow, 
Quart .  J. Mech. and Applied Math. XV, P a r t  4 .  

R i l ey ,  N. (1962), Rad ia l  j e t s  wi th  s w i r l ,  P a r t  11. Compressible flow, 
Quart. J. Mech. and Applied Math. XV, P a r t  4 .  

Ringleb,  F r i e d r i c h  (1963), Vortex motion, Aerophysics,  M i s s i s s i p p i  S ta te  
Un ive r s i ty  Research Report 47 (October).  

Romero, Jacob B. (1964), Fuel  containment i n  t h e  gaseous-core nuc lear  rocke t  
by MHD d r i v e n  v o r t i c e s ,  A I A A  J. 2,  1092 (June) .  

Roschke, E. J. (1966), Experimental i n v e s t i g a t i o n  of a confined,  j e t - d r i v e n  
water v o r t e x ,  JPL  Report 32-982. 

Roschke, E. -. J. (1966), Flow-visual izat ion s t u d i e s  of a confined,  j e t -d r iven  
water v o r t e x  , JPL Report 32-1004. 

Roschke, E. J. and P i v i r o t t o ,  T. J. (1965),  S i m i l a r i t y  i n  confined vo r t ex  
f lows,  JPL TR NO. 32-789 (August). 

Rosenzweig, M. L. (1961),  The vor tex  ma t r ix  approach t o  gaseous nuc lea r  pro- 
p u l s i o n ,  Aerospace Corp., American Rocket Soc ie ty  Paper No. 1735-61 
(May). 

Rosenzweig, M. L . ,  Lewellen, W. S. and Kerrebrock,, J .  L. (1961), F e a s i b i l i t y  
of t u r b u l e n t  v o r t e x  containment i n  t h e  gaseous f i s s i o n  rocke t ,  ARS J .  31, 
873 ( Ju ly ) .  

Rosenzweig, M. L . ,  Lewellen,  W. S. and Ross, D. H. (1964), Confined v o r t e x  
f lows w i t h  boundary l a y e r  i n t e r a c t i o n ,  A I M  J .  2 ,  2127 (Deccmber). 

Rosenzweig, M. L. ,  Ross, D.  H. and Lewellen, W. S. (1962), On secondary flows 
i n  j e t - d r i v e n  vo r t ex  tubes ,  J .  Aerospace Sc i .  29, 1 1 4 2  (September). 

Ross, D. H. (1964), An experimental  s tudy  of secondary flow i n  j e t - d r i v e n  
v o r t e x  chambers, Aerospace Corp. Report No. ATN-64(9227)-1 (January) .  

9. 



Ross, D. H. (1964), An experimental  s tudy  of tu rbulence  l e v e l s  i n  j e t - d r i v e n  
vo r t ex  chambers, Aerospace Corp. ATN-64(9227)-5 (October).  

Ro t t ,  Nicholas (1958), On t h e  viscous c o r e  of a l i n e  vo r t ex ,  J. of Applied 
Math. and Physics, - 9 -  ZAMP IXb, Fax. 5/6,  543-553. 

Ro t t ,  Nicholas  (1959), On t h e  v iscous  c o r e  of a l ine vor t ex ,  11, J.  of 
Applied Math. and Physics  ZAMP, &, Fasc. 1, 73-81. 

R o t t ,  Nicholas (1962), Turbulent  boundary l a y e r  development on t h e  end w a l l  
of a vo r t ex  chamber, Aerospace Corp. ATN-62(9202)-1. 

Ro t t ,  N. and Lewellen, W. S. (1966), Boundary l a y e r s  i n  r o t a t i n g  f lows,  
Proceedings of t h e  Eleventh I n t e r n a t i o n a l  Congress o f  Applied 
Mechanics he ld  September 1964 i n  Munich, Germany, Springer-Verlag 
P res s ,  1030-1036. 

R o t t ,  N .  and Lewellen, W .  S. (1965), Some examples of r o t a t i n g  boundary 
l a y e r s ,  Recent Developments ' in Boundary Layer Research, AGARDograph 97 
(May) - 

R o t t ,  N. and Lewellen, W. S. (1966), Boundary l a y e r s  and t h e i r  i n t e r a c t i o n s  
i n  r o t a t i n g  f lows,  Progress  i n  Aeronaut ica l  S c i e n c e s , l ,  Pergamon 
P r e s s ,  111-144. 

Savino, Joseph M. and Keshock, Edward G.  (1965), Experimental  p r o f i l e s  of 
v e l o c i t y  components and r a d i a l  p re s su re  d i s t r i b u t i o n s  i n  a vo r t ex  
contained i n  a s h o r t  c y l i n d r i c a l  chamber, NASA TN D-3072 (October).  

Savino, J.  M. and Ragsdale,  R. G .  (1960),  Some temperature  and p res su re  
measurements i n  confined vor tex  f i e l d s ,  ASME Paper No. 60-SA-4, 
Summer-Annual Meeting, Dal las ,  Texas, June. 

Sarpkaya, T . ,  Goto, J. M. and Kirshner ,  J. M. (1967), A t h e o r e t i c a l  and 
experimental  s tudy  of vo r t ex  r a t e  gyro,  Advances i n  F l u i d i c s ,  ASME. 

Schwiderski,  Erns t  W. and Lugt, Hans J. (1964), Rota t ing  flows of von Karman 
.and Bodewadt, The Physics  of F l u i d s  7 ,  6 (June) .  

Smith,  J. L . ,  Jr. (1962),  An a n a l y s i s  of t h e  vo r t ex  flow i n  t h e  cyclone 
s e p a r a t o r ,  ASME J .  Basic  Engr. 84,  602. 

Smith, J. L . ,  Jr. (1962),  An experimental  s tudy  of t h e  vo r t ex  i n  t h e  
cyc lone  s e p a r a t o r ,  ASME J .  Basic Engr. 8 4 ,  609. 

S t e i g e r ,  Mart in  H. and Bloom, Martin H. (1962), Ax ia l ly  symmetric laminar 
f r e e  mixing wi th  l a r g e  s w i r l ,  Transac t ions  of t h e  ASME, 370 (November). 

I 
Stewartson,  K. (1957),  On r o t a t i n g  laminar boundary l a y e r s ,  Boundary i 

6 (1958). :I 

ii 
1 

Layer Research, Symposium Freiburg,  Springer-Verlag,  B e r l i n ,  59-71 

Stewartson,  K. (1957), On almost r i g i d  r o t a t i o n s ,  J .  F lu id  Mech. 3 ,  1 
(October).  

10. 



* '  * , 

Taylor ,  G .  I. (1950),  The boundary l a y e r  i n  t h e  converging nozz le  of a 
s w i r l  a tomizer ,  Quart .  J .  Mech. and Applied Math. 3 ,  129-139 (June) .  

T e r  Linden, A. J. (1953),  Cyclone d u s t  c o l l e c t o r s  f o r  b o i l e r s ,  Transac t ions  
of t h e  ASME, 75, No. l , .433-440. 

Thompson, J o e  Floyd, Jr. (1963), The s t r u c t u r e  of f r e e  and confined tu rbu len t  
v o r t i c e s ,  M i s s .  'S ta te  Univ., Research Note No. 44 (May). 

Ta lbo t ,  L. (1954),  Laminar swi r l ing  p i p e  flow, J. of Applied Mechanics 2 1 ,  
NO. 1, 1-7. 

Toomre, J. (1963), Highly swi r l ing  flows through a converging-diverging 
nozz le ,  S.M. Thes i s ,  M.I.T. Dept. of Aero. and Astro.  ( June) .  

T rave r s ,  A. (1967), Experimental  i n v e s t i g a t i o n  of flow p a t t e r n s  i n  r a d i a l -  
ou t f low vor t exes  us ing  a r o t a t i n g  per iphera l -wal l  water vo r t ex  tube,  
UARL Report F-910091-10 (May). 

Travers, A. and Johnson, B .U.  (1966), Measurements of flow c h a r a c t e r i s t i c s  
i n  a b a s i c  vo r t ex  tube ,  NASA CR-278 (January) .  

Travers, A. and Johnson, B. U. (1965), Measurements of flow c h a r a c t e r i s t i c s  
i n  a n  ax ia l - f low v o r t e x  tube,  NASA CR-277 (August). 

T rave r s ,  A. and Clark,  J .  W .  (1968), Experimental i n v e s t i g a t i o n  of flow 
s t a b i l i t y  and f low p a t t e r n s  i n  rad ia l -out f low vor t exes ,  AIAA Paper 
No. 68-695 (June) .  

Turner ,  J. S. (1965),  The c o n s t r a i n t s  imposed on a class of s t r o n g  v o r t i c e s  
by an  a x i a l  boundary, J .  of Fluid Mech. 25, P a r t  2 ,  377-400. 

Weske, J. R. and Rankin, T.  M. (1963), On t h e  gene ra t ion  of secondary 
motions i n  t h e - f i e l d  of  a vor tex ,  Univ. of Maryland Tech. Note 
BN-313 (March). 

Will iamson, G. G. and McCune, J. E. (1961),  A pre l iminary  s tudy  of t h e  
s t r u c t u r e  of t u r b u l e n t  v o r t i c e s ,  ARAP Report No. 3 2 .  

Wormley, D. N .  (1967), An a n a l y t i c a l  and experimental  i n v e s t i g a t i o n  of 
vortex-type f l u i d  modulators,  Ph.D. Thes is ,  M.I .T.  Dept. of Mech. Eng. 

Yeh, Hsuan (1957), Boundary l a y e r  a long  annular  w a l l s  i n  a s w i r l i n g  flow, 
Transac t ions  of t h e  ASME, Semi-Annual Meeting, San Franc isco ,  C a l i f .  
(June) . 

11. 


